protein synthesis.
Increased yields of mutants are produced among the descendants of unirradiated herpes simplex virus or simian virus 40 (SV40) in UV-irradiated monkey kidney cells (1) (2) (3) . The level of mutagenesis in the unirradiated viruses was maximal when a delay was allowed between cell irradiation and virus infection (1, 4) . The data suggest that, after UV irradiation of the cells, a mutator activity is induced, modified, or available at a higher level or for a longer time. In this study, the autonomous parvovirus H-1 was used to probe mutator activity in human and rat cells. Autonomous parvoviruses contain single-stranded DNA genomes, multiply only in proliferating cells, and depend on their host for replication of their DNA (5) .
An intriguing question is the nature of the signal activating the enhancement of mutagenesis. UV irradiation ofcells might inactivate directly a specific cell target(s). Alternatively, UV-induced lesions in nonspecific targets might generate, or interact with, a diffusible intermediate. Consistent with the latter possibility, a mutator activity was shown to operate on UV-irradiated phage in undamaged Escherichia coli recipients after the transfer by conjugation.ofF-lac episomes from UV-irradiated donors (6) . Therefore, it was of interest to determine whether mutations in an unirradiated parvovirus could be produced indirectly by providing undamaged cells with a second virus UVirradiated extracellularly.
MATERIALS AND METHODSCell Lines and Virus Stocks. SV40-transformed newborn human kidney cells (NB-E) (7) and Harvey murine sarcoma virus-transformed rat liver cells (RL5E) (8) (9) and diluted in phosphate-buffered saline containing Ca2" and Mg2". Spontaneous revertant frequencies of the ts6 mutant stocks were about l x 10-5. SV40 (wt strain 776) was propagated in BSC-1 monkey kidney cells as described (3) . UV Irradiation. Irradiation was carried out with a germicidal lamp with maximal output at 254 nm. Calibration was performed with a Latarjet dosimeter. Virus was irradiated in a liquid layer (1 mm depth) of phosphate-buffered saline (for H-1) or ofculture medium (SV40). Cell monolayers were exposed to UV light after removal of the medium.
Virus Infection. Cell monolayers (106 cells per 60-mm Petri dish) were rinsed with phosphate-buffered saline and infected for 1 hr at 37C with 0.4 ml of virus inoculum in phosphatebuffered saline (H-1) or minimal essential medium (SV40). The inoculum was removed, and the cells were rinsed with phosphate-buffered saline.
Plaque Assay. Plaque assay was as described by Rhode (10) . Cultures were stained with neutral red for plaque visualization 6-8 days after infection. Between 10 and 70 plaques were counted per dish. Sufficient dishes were incubated in order to limit the error of the plaque counts to less than 15%.
Virus Mutation Assays. Mutagenesis was studied by determining, the reversion frequencies of H-1 ts6 to a wt phenotype at the nonpermissive temperature (39.5PC). At the restrictive temperature, H-1 ts6 is like tsl (10) in that it is deficient in a late function: the processing of mature single-stranded DNA genomes from replicative intermediates (S. L. Rhode, personal communication) .
Two mutation assays were used: a single-cycle and a directplating procedure. Asynchronous NB-E and RL5E cells (5-10 X 105 cells per 60-mm plate) were treated with UV light or UVirradiated virus and incubated for various times at 37TC. Cells were then infected with unirradiated H-1 ts6.
For single-cycle assay, the dishes of infected cells were placed at 330C for 30 hr. Receptor-destroying enzyme (11) , a preparation kindly provided by P. Tattersall, was added to the cultures (1% vol/vol) 20 hr after infection in order to prevent a second virus cycle. Cells and media were frozen and thawed (9) , the supernatants were clarified by low-speed centrifugation, and the virus was titered at 39.50C and 330C, using NB-E cells as indicators.
The direct-plating assay was either a direct-plaque assay or an infectious-center assay. For the direct-plaque assay, infeeted NB cells were covered with overlay medium immediately after infection. For the infectious-center assay, primarily-infected (iv) Data shown in Table 2 indicate that virus generated in UV-irradiated cells and forming plaques at 39.50C display a wt phenotype. Therefore plaques scored at nonpermissive temperature cannot be ascribed to the leakiness ofthe ts6 mutation.
Enhanced mutagenesis might be due to an increased number of generations during the first virus cycle in UV-treated cul- Cells were infected with UV-damaged viruses (UV-H-1 ts6, UV-SV40, or intact SV40) at a MOI of 10 and incubated for 14 hr at 370C in medium prior to infection with intact H-1 ts6 (MOIs as given in the legend of Table 1 ). Dose to UV-H-1 ts6 was 200 J m-2. SV40 was irradiated with a dose of 1500 J m-2, which reduced infectivity to 8.5% in a direct-plaque assay on BSC- (Fig. 2) . The time available for expression will actually be longer because the parvovirus will not initiate its replication until cells enter into S phase (12) . The data presented in Table 4 show UV doses up to 5 J m-2 or with UV-irradiated SV40 did not detectably affect cell survival as measured by colony-forming ability (data not shown). DISCUSSION UV irradiation of human and rat cells leads to a 2-fold increase in the mutation frequency of an intact parvovirus. A similar phenomenon has been reported for other viruses propagated in UV-irradiated monkey cells (1-4) . In addition, this paper shows that mutagenesis of undamaged H-1 is also enhanced in intact cells preinfected with UV-irradiated H-1 or SV40 virus. Although SV40 has been reported to be mutagenic for nonpermissive cells (13) , unirradiated SV40 did not trigger any detectable enhanced mutagenesis of intact H-1 virus. Because much higher input multiplicities were used for the generation of cell mutations, the mutagenic process involved may be basically different.
Assuming that the same process is responsible for the increased frequency of mutations occurring in cells treated with UV light or with UV-irradiated signaling virus, these data indicate that enhanced mutagenesis does not require the direct hitting of specific cell targets. Indeed, the results indicate that UV-generated lesions are important per se and that a diffusible effector, whose relationship with the lesions is unknown, mediates enhanced mutagenesis. Our data suggest that UV lesions might modify the specificity, increase the availability, or induce the expression ofa mutagenic function(s). It Although mutation studies with UV-irradiated viruses in mammalian cells are scarce, all data agree on the point that UVdamaged viruses are mutagenized at high rates in unirradiated hosts (2) (3) (4) . This might be due to the presence in mammalian cells of a constitutive error-prone process acting on the site of the lesions. Alternatively, the data reported in this paper raise the possibility that UV-damaged virus itself might activate a mutagenic pathway operating on intact and possibly also on damaged parts of the viral genome.
The UV dose of4.5 J m-2 given to the cells introduced about 5 x 105 pyrimidine dimers per cell (14) , whereas the UV doses administered to the signaling H-1 and SV40 produced about 10 (15) and 80 (16) dimers per viral genome, respectively. The particle-to-infectivity ratios are 100 for SV40 (17) and 1000 for H-1 (S. L. Rhode, personal communication). Knowing the MOIs, it can be estimated that signal virus introduced about 105 dimers per cell. Therefore, the numbers of lesions present in cells after both the direct and the indirect UV treatments were of the same order of magnitude. It thus appears that a similar level of enhanced mutagenesis could be achieved irrespective of whether the lesions were induced intracellularly or administered after exogeneous induction. In this study, experimental conditions that induced enhanced mutagenesis ofunirradiated virus did not significantly affect the virus titer at the permissive temperature. In other circumstances, however, UV light has been shown to enhance cell capacity to support replication of an intact parvovirus (18 
